Abstract: Background: Recently, identification and functional studies of circular RNAs, a type of non-coding RNAs arising from a ligation of 3' and 5' ends of a linear RNA molecule, were conducted in mammalian cells with the development of RNA-seq technology. Method: Since compared with animals, studies on circular RNAs in plants are less thorough, a genome-wide identification of circular RNA candidates in Arabidopsis was conducted with our own developed bioinformatics tool to several existing RNA-seq datasets specifically for non-coding RNAs. Results: A total of 164 circular RNA candidates were identified from RNA-seq data, and 4 circular RNA transcripts, including both exonic and intronic circular RNAs, were experimentally validated. Interestingly, our results show that circular RNA transcripts are enriched in the photosynthesis system for the leaf tissue and correlated to the higher expression levels of their parent genes. Sixteen out of all 40 genes that have circular RNA candidates are related to the photosynthesis system, and out of the total 146 exonic circular RNA candidates, 63 are found in chloroplast.
INTRODUCTION
Non-coding RNAs (ncRNAs) have diverse types and are functionally important [1, 2] . Some types of ncRNAs were widely studied in the recent years, such as small interfering RNAs and long noncoding RNAs [3, 4] , all of which are linear RNAs. Interestingly, RNAs also exist in circular forms, which can arise from a ligation of 3' and 5' ends of a linear RNA molecule or from splicing intermediates of introns. A viroid circular RNA was first reported in 1976 [5] whereas an eukaryotic circular RNA was initially observed by electron microscopy in 1979 [6] . After that, some circular RNAs have been reported in various species. For example, similar to viroid, hepatitis D virus also has a circular RNA [7] . In archaea, circular RNAs can be formed from tRNA and rRNA introns, as well as from many other functionally unknown RNAs [8] [9] [10] [11] [12] [13] . Circular RNAs exist in many eukaryotic organisms. For example, they were reported in algae [14] and yeast [15, 16] , respectively. In Drosophila, muscleblind gene was found to have a *Address correspondence to these authors at the School of Biological Sciences, University of Nebraska, Lincoln, Nebraska, USA; Tel/Fax: 402-472-8722; E-mail: byu3@unl.edu; czhang5@unl.edu and State Key Laboratory of Genetic Engineering, Institute of Plant Biology and Department of Biochemistry, School of Life Sciences, Fudan University, Shanghai, China; E-mail: gdren@fudan.edu.cn # These authors contributed equally to this work. circularized transcript [17] ; and many circular RNAs were identified in C. elegans recently [18] . Furthermore, many circular RNAs were discovered in mammals. For example, the SRY gene [19] and FORMIN (FMN) gene [20] in mouse, the P450 2C24 gene [21] and the sodium-calcium exchanger NCXI [22] in rat, were reported to have circularized transcripts. Even more genes in the human genome have been reported to have circular RNAs, such as the ETS-1 gene [21] , the Cytochrome P-450 2C18 gene [21] , the dystrophin gene [22] , the CDR-1 gene [23] , and a long non-coding RNA (ncRNA) known as ANRIL [24] . Yet the number of reported circular RNAs has really exploded in recent years with highthroughput methods. Using the next-generation sequencing technology, circular RNAs can be identified genome widely and thousands of candidates have been reported in human, mouse, fruit fly, worm, and archaea [9, 25, 18, [26] [27] [28] . For example, Memczak et al. identified approximately 2000 Memczak et al. identified approximately , 1900 , and 700 circular RNAs in human, mouse, and nematode from RNA-seq data.
Circular RNAs are not short; usually, a circular RNA molecule is composed of up to 5 exons [18] , and the exon regions that can be transcribed to circular RNAs are longer than the average expressed exons [25] . Circular RNAs often exist at low levels as compared to their linear counterparts [25] , but a recent study with RNA-seq method showed that circular RNAs are broadly expressed and may have compa-rable expression levels with their linear isoforms in human [26] . A study suggested that the average ratio of expression levels between circular RNAs and their corresponding poly-A RNAs is about 1:100, and a small portion of genes even have more circular transcripts than linear isoforms [27] . Evidences show that circular RNAs, even transcribed from exons, are not poly-adenylated [26] . The DNA regions that can generate circular RNAs have different locations in the genomes, such as exon regions and intron regions. Most of them are found to be transcribed from exons, but a recent study reported the existence of many intronic circular RNAs [28] . Most circular RNAs transcribed from exons are cytoplasmic [26] , while the intronic circular RNAs are mainly confined to the nucleus [28] . While the functions of most circular RNAs remain enigmatic, several of them, such as the circular RNAs from CDR-1 gene [23] and SRY gene [19] , were found to work as efficient miRNA sponges [29, 18] .
Plant circular RNAs have also attracted a lot of attention. Three exonic circular RNAs from Arabidopsis were originally reported, which are from exon 3 of NPY4, exons 6-7-8 of EMB2423, and exon 4-5 of CYP87A2 have been reported [30] . Following this study, additional plant circular RNAs have been identified from Arabidopsis, barley and rice [31] [32] [33] . We hypothesize that more exonic circular RNAs as well as intronic circular RNAs exist in plants including Arabidopsis. Therefore, we collected several suitable Arabidopsis RNA-seq libraries from the public domain, and identified several circular RNA candidates in both exonic and intronic regions by our own developed computational pipeline. Four computationally identified circular RNAs were then randomly selected for validation by PCR. Although plant circular RNAs have been identified, many related questions such as how plant circular RNAs are generated are not yet addressed. Our discovery of circular transcripts in Arabidopsis further proves the existence of circular RNAs in plants, and provides some clues about the biogenethesis of circular RNAs in plants.
MATERIALS AND METHOD

Circular RNA Identification Pipeline
A pipeline is constructed to identify circular RNAs with RNA-seq data. Circular RNAs have ligation points, and junction reads, short reads covering the ligation point of a circular RNA, can be split and aligned to two ends of the linear isoform with a special order, which is called backsplicing mapping or head-to-tail splicing mapping Fig. (1) . Identification of circular RNA candidates is based on finding these junction-reads from back-splicing exons. In the first step of our pipeline, reads are mapped to the reference genome and all unmapped reads are collected. Pairs of anchors with the length of 20 bp are extracted from both 5' and 3' ends of each unmapped reads. These anchor pairs are mapped to the reference genome again, and all aligned positions are reported. If an anchor pair has any back-splicing mapping order, the mapping information related to the anchor pair is kept. Then, these anchors are extended until the complete read aligns. A qualified junction read is called back-splicing mapped read if it can be back-splicing mapped without no more than two mismatches. After these backsplicing mapped reads are identified, circular RNA candidates can be inferred from these mapped reads. A manual filtering step from Ref. [31] , focusing on back-spliced from mis-assembly and repeats etc., was adopted to reduce false positive rate.
Fig. (1).
A diagram to show a junction read from a back-spliced exon that is mapped to the linear reference sequence.
Intronic Circular RNA Identification
In principle, intronic circular RNAs can also be detectable by finding back-splicing mapped RNA-seq reads, but this is still an open question for intron lariat after splicing. According to our practice, only a few back-splice mapped reads were found for intronic circular RNAs, and could not be used for circular RNA identification. Therefore, all annotated intron regions were scanned and the introns with high coverage of reads were kept; high coverage indicates potential transcripts of the given introns. We also adapted a method described in Ref. [25] to identify intronic circular RNAs. An in-house script was used to find branch points on these introns. Introns with high mapped reads and branch points were treated as intronic circular RNA candidates.
Short-read Alignment
Bowtie2 (version 2.23) [34] was used to map short reads, anchors, or split reads to the reference genome. Two mismatches are allowed for reads mapping and perfect match was used for anchor mapping. Up to 40 mapped positions are allowed for the anchors mapping.
Genome Sequence and Annotations
Genome sequence and Annotations of Arabidopsis were obtained from TAIR database (http://www.arabidopsis.org/), and TAIR10 was used.
RNA-seq Data Sets
Three RNA-seq data sets were obtained from SRA, and their accession numbers are SRR352212, SRR504179, and SRR584135. The data of SRR352212 were generated to study noncoding RNAs in Arabidopsis [35] . The total RNA was depleted of rRNAs using the plant RiboMinus-Kit and 85bp strand-specific reads were sequenced. The RNA-seq data of SRR504179 were used to study long non-coding RNAs, and 55bp single end reads were sequenced [36] . The set of SRR584135 was sequenced to study regulation of alternative splicing, and 100bp single end reads were se-quenced by Illumina Genome Analyzer II [37] . All of these data sets did not use poly-adenylation selection to process total RNA, and hence kept circular RNAs in the samples.
Validation of Circular RNA with RT-PCR Followed by Sequencing
Total RNA was isolated from inflorescence using Trizol reagent (Sigma). 5 µg total RNA was digested by 10 U RNase R (Epicenter) at 37°C for 2h. cDNA synthesis was carried out by SuperScript III (Invitrogen) with gene-specific forward primers. For detecting intronic and exonic circular RNAs, PCR amplification was performed with Ex Taq Hot Start polymerase (TaKaRa) using the primer pairs listed in the Supplementary Tables S1. Resulting PCR products were then cloned and sequenced. The design of a paired primer for intronic circular RNAs and exonic circular RNAs are shown in Fig. (2A and B) . To have additional control, pairs of divergent and convergent primers on genomic DNAs were designed and PCR experiment was conducted. 
RESULTS AND DISCUSSIONS
Circular RNAs Transcribed from Exon Regions are Identified in Arabidopsis
Our circular RNA identification method is applied to three RNA-seq libraries for Arabidopsis. The anchor length was set to 20bp with a minimum circular length of 100bp in finding full-length back-splicing mapped reads. The minimum number of junction reads from back-splicing exons was set to four for searching circular RNA candidates. With this setup, a number of 188 candidates were discovered, and a manual filtering step removed some candidates from repeats and mis-assembly. Most of the removed candidates were from chloroplast coded genes because of the low quality of chloroplast genome sequence. Finally, a total of 146 exonic circular RNA candidates were identified by our method. Compared with published results from human and mouse, a much smaller number of circular RNAs were identified by our method for Arabidopsis. This is likely due to temporal and spatial specific expression of circular RNAs [18] . In fact, in C. elegans, sequence analyses of RNAs from different developmental stages raise the number of circular RNAs from ~300 to ~1,100 [38] . In fact, five out of 188 candidates were found to be co-exist in two or three libraries that are RNAs extracted from inflorescences were treated with RNAse R and used as templates for reverse transcription using random primers. Exo 1 refers to an exonic circular RNA generated from AT2G30570. Intro 1, 2 and 3 refer to intronic circular RNAs generated from AT2G30570, AT1G31330 and AT5G35970, respectively. The resulting products were then used as templates for PCR amplification using primers indicated in (A) and (B). prepared under different condition. Another reason is that the RNA-seq libraries that we used were not specially prepared for circular RNA. All exonic circular RNA candidates, listed in Supplementary Tables S3, come from only 40 genes, and many genes have multiple circular transcripts. For example, the circular RNA candidate from the exon of the gene AT1G79930 (HSP91), which encodes a heat shock protein, has been identified in all three samples. We selected one circular RNA candidate from the PSBW gene (AT2G30570), which has two exons and codes a protein similar to photosystem II reaction center subunit W, to conduct experimental validation. The total RNAs from in florescence were extracted to test the circular transcripts, and the primers that we used for PCR are shown in the supplementary documents. This circular RNA was validated by RT-PCR using RNase R (degrading linear RNAs)-treated RNAs as templates (Fig.  2C) . Sequencing of the resulting products revealed that this circular RNA is 159bp long, and consists of sequences from two exons in the PSBW gene. Fig. (3) shows the location of four back-splicing mapped reads in this gene, which defines the range of this circular RNA. Ye et al.'s work reported 889 circular RNA candidates with more than five back-splicing mapped RNA-seq reads in Arabidopsis [41] . Comparing our results with 889 circular RNA candidates, we found 13 candidates appearing in both sets. The total number of our identified circular RNA candidates is less than Ye et al.'s work, and there is a small portion of overlap between two works. The possible reasons are the low sequencing depth and nonspecifically designed RNA-seq libraries for our method. The studied tissues are also not identical.
Next, we explored the potential function for plant circular RNAs through bioinformatics analyses. In mammalian cells, some circular RNAs were found having many miRNA binding sites and working as efficient miRNA sponges [18, 29] . Therefore, the miRNA binding site prediction tool, psRNATarget [39] , was employed with the parameters described by previous works [40] [41] [42] to all predicted circular RNA candidates. Only seven out of 188 candidates have more than one putative miRNA binding sites, but all of these seven circular RNAs have multiple miRNA binding sites from two to 12. The genes covered by these seven circular RNAs are various, including D1 subunit of photosystem I reaction center, ubiquitin-conjugating enzyme 11 (UBC11), INDOLE-3-ACETIC ACID INDUCIBLE 2 (AT3G23030), and so on. Thus, it is tempting to speculate that, like animal circular RNAs, some of plant circular RNAs may function as the sponge of miRNAs to regulate the gene expression as well. On the other hand, most of plant circular RNAs do not contain any miRNA-binding sites. How do they function? It is possible that these circular RNAs may bind protein or other molecules to block or facilitate their functions. Clearly, these possibilities need further investigation.
Intronic Circular RNAs are Identified in Arabidopsis
Subsequently, we sought to identify intronic circular RNAs. After applying our method to the three RNA-seq libraries, no intronic circular RNAs are identified. The reason could be the low expression level of intronic circular RNAs in these libraries. After all, these libraries were not sequenced specifically for circular RNAs, and reads for linear RNAs dominate the whole libraries. To identify the intronic circular RNAs, we simply look for the intronic regions that have significantly high numbers of reads compared with other intronic regions as candidates, since the linear introns are likely degraded [25] . To further narrow down the candidates, those candidates having reads containing exon and intron junctions are further removed. After this step, a total of 18 high-quality candidates were identified, and all of them have relatively high expression levels in all three libraries. The detailed information of these 18 candidates was listed in the (Supplementary Tables S4) . These intronic circular transcripts are more like a lariat RNA species, and the sequence of this circular transcript starts with "GU" and stops at "A", which is a typical branchpoint nucleotide. Three candidates were validated by RT-PCR followed by sequencing using RNase R-treated RNAs as templates, shown in Fig. (2C) . These three circular RNAs are processed from transcripts of AT1G31330 (PSAF) encoding subunit F of photosystem I, AT5G35790 (G6PD1) encoding a plastidic glucose-6-phosphate dehydrogenase and PSBW. The introns in these three genes range from one to seven, suggesting that the generation of lariat circular RNAs is not affected by the intron numbers. Interestingly, both exonic and intronic circular RNAs are found for PSBW. (Fig. 3) shows the profiles of aligned reads in this gene, and there is a peak in the intronic region as well. Both circular transcripts were found in the same RNA-seq library (accession number: SRR352212), suggesting that they may be co-processed from the premRNAs. The biological relevance between these two different types of circular transcripts is not clear yet.
Circular RNA Biogenesis
Circular RNA biogenesis has been studied in animals, especially in human, but in plants it is just at the outset. Likely in animals, most exonic plant circular RNAs are ligation products of partial exons. Furthermore, Zhang et al. discovered Fig. (3) . The profiles of regularly and back-splicing aligned reads to AT2G30570. Three peaks above the gene annotation shows the profiles of linearly aligned short reads to the gene of AT2G30570, and there is one peak in the intron region. Four pairs of back-splicing mapped reads are shown under the gene annotation.
that, in human, exon circularization of RNAs is dependent on flanking intronic complementary sequences, and Alu repeat pairs can lead to alternative circularization in the same genes [43] . To test this, we collected up-stream and down-stream upto-1kbp DNA sequences plus 30bp-end-sequences of all circular RNA candidates, and looked for complementary sequences across these sequences. We used RepeatMasker to find any repeats in the selected regions, and compared the sequence similarity between forward sequences on one side and complementary sequence on the other side of the target circular RNA regions to identify the potential complementary sequences. Interestingly, neither complementary sequences nor repeat sequences were reported in those areas. This result suggests that plant circular RNA biogenesis may require the assistance from protein factors, which may recognize specific sequence motif to forming circular RNAs in plants. However, we cannot rule out the possibility that some plant circular RNAs contain complementary sequences in their flanking regions, since the numbers of plant circular RNAs are not saturated. In addition, the fact that both exonic circular transcript and lariat transcript were detected in the same PSBW (AT2G30570) gene suggests that the intron splicing process might help the exon circulation.
Circular RNA Transcripts are Enriched in Photosynthesis System
Sixteen out of all 40 genes that have circular RNA candidates are related to the photosynthesis system, and out of the total 164 circular RNA candidates, 63 are found in chloroplast. Especially, in some regions of chloroplast, many circular RNAs are abundant and some of them are overlapped. For example, the gene ATCG00020 in chloroplast to encode a part of the photosystem II reaction center core has about 30 circular RNA candidates, and some of them were found by Ye et al. [33] . Interestingly, two validated circular RNA transcripts come from the PSBW (AT2G30570) gene and PSAF (AT1G31330) gene, receptively, which are also related to the photosynthesis system (both encoded subunits of photosystem reaction centers). The circular RNA transcripts relevant to the photosynthesis system were discovered in the dataset obtained from leaf tissue, and the circular RNA candidates are correlated to the higher expression levels of their corresponding genes. The biological significance of this result needs further investigation.
Plant Circular RNAs are not Poly-adenylated
Previous works indicated that circular RNAs are not poly-adenylated [26] , which could be a result of their circulated structures. Therefore, we applied the circular RNA identification pipeline to some RNA-seq libraries, SRX159014, SRX150070, and SRX129192, that were prepared with poly-A(+) selection method to enrich mRNA. Not surprisingly, no circular RNA candidates were identified in these libraries. This result suggests that, like in animals [26] , plant circular RNAs are not poly-adenylated.
Results of Our Pipeline on Published Data Sets
Our circular RNA identification method was applied on several published data sets to compare with the published results. The first data set includes H. sapiens, C. elegans, and mouse, which were published by Memczak et al. [18] , and the other data set were the one used in the reference [26] . With the same setup for plant RNA-seq data, more than 50% of the outputs from our method were same to the reported results from the original work. For more details, the comparison between the original results and the results reported by our tool on the human cd19 cell data set, obtained from [18] , is shown in Supplementary Tables S5. For this dataset, 587 circular RNA candidates were identified by our method with more than five back-splicing mapped RNA-seq reads. Out of the 587 candidates, 215 could be found from the originally reported results, and 58 reported circular RNAs could not be predicted by our method. The differences could be because our method was optimized for plants, but the low coverage of our datasets causes more false negatives predictions [44, 45] .
CONCLUSION
We conducted a genome-wide identification for circular RNAs in Arabidopsis with computational methods from existing RNA-seq datasets. A total of 164 circular RNA candidates were identified, and four circular RNA transcripts, including both exonic and intronic circular RNAs, were experimentally validated. Interestingly, our results show that circular RNA transcripts are enriched in the photosynthesis system. For example, both PSBW and PSAF genes, having validated circular RNA transcripts, encode subunits of photosystem reaction center.
